Spinel sub-stoichiometric Cu x Co y O 4 nano-wire framework thin-films were fabricated for the electrochemical glucose biosensors by hydrothermal-annealing process. Developed Cu x Co y O 4 nano-wire framework thin-films were characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Brunauer-Emmet-Teller (BET) and scanning electron microscopy (SEM) techniques. The results confirmed well-established nano-wire sub-stoichiometric Cu x Co y O 4 framework with high specific surface area and abundant electro-active sites and channels for ions transfer. The average Cu x Co y O 4 nanowire was~40 nm in diameter and more than 1 mm in length. In electrochemical non-enzymatic biosensor, the Cu x Co y O 4 electrode has demonstrated superior glucose detection capabilities including high glucose sensitivity of 13291.7 mA mM À1 cm À2 , one of the fastest response time (less than 0.5 s), excellent selectivity in serum and detection limit as low as 1.36 mM. More importantly, the outstanding electro-catalytic performance and relatively simple synthesis method makes this spinel Cu x Co y O 4 nanowire framework promising for sustainable improvement of electrochemical non-enzymatic glucose sensing.
Introduction
Sub-stiochiometric nanostructured transitional metal oxides have attracted lots of attentions as the electrochemical biosensors electrodes owing to their superior electrochemical properties, higher electrochemical activity and conductivity and reasonable cost [1e4] . In this regard, in addition to the simple transition metal oxides used for glucose detection such as CuO [5e8], CeO 2 [9] , Co 3 O 4 [10e12], ZnO [13] , Co 3 O 4 /TiO 2 [14] , Co 3 O 4 /Ni [15] [22] and CuCo 2 O 4 [23, 24] attracted increasing interest due to their complex chemical composition and multiple valence cations capable to change the oxidation states, good conductivity ensuring the best electron transfer and great catalytic activities [25e27]. For example, CuCo 2 O 4 is a p-type semiconductor with a narrow band gap of 1.7 eV [28] . In its crystal structure, Cu(II) occupies the tetrahedral sites and Co(III) sits in octahedral sites. Therefore, the CuCo 2 O 4 nanostructures are capable to demonstrate the enhanced electrochemical properties compared to the single metal oxides and some other mixed metal oxides [29e31] .
Moreover, sub-stoichiometry of these mixed spinel oxides provides suitable sensing nanostructured interfaces to enhance synergetic affect for non-enzymatic application and adds more versatility to modification of the electrochemical properties compared to their single metal counterparts [32e34]. However, despite quite obvious advantages of such spinel sub-stoichiometric nanostructures, the developed Cu x Co y O 4 nanomaterials with structures such as nanoparticles [35] , nanosheets [36] , nanoneedles [37] , nanowires [38] and nanoflowers [39, 40] were rarely utilized in biosensors owing to their poor sensing capabilities. So far there were just few reports dedicated to the development CuCo 2 O 4 with the stable nanostructures and high electrochemical properties as artificial enzymes for successful utilization in biosensors [23, 24] .
On the other hand, hydrothermal-annealing method represents great possibilities for fabrication extensively developed electrode network structure with very high specific surface-area ensuring fast electron transfer and high conductivity [41] . For instance, in our previous report non-enzymatic 3D Co 3 O 4 /Ni heterostructured glucose sensing electrode was synthesized by this method and exhibited superior sensitivity of 13855 mA mM À1 cm À2 and linear range up to 3.6 mM [41] . This sensitivity was the highest reported glucose sensitivity at the time of publication. Thus, in continuation of improvement the sensing capabilities of electrochemical nonenzymatic glucose electrode, sub-stoichiometric spinel Cu x Co y O 4 nano-wire framework thin-films were fabricated by the hydrothermal-annealing process. This method can accelerate the diffusion process of nanomaterials in electrochemical reaction and provide more active sites, allowing further improvement of sensing performance. It is therefore logical to assume that the combination of synthesis method with properties of the spinal substoichiometric Cu x Co y O 4 would lead to the better properties of fabricated sensing electrode in glucose biosensor.
In this study, spinel complex sub-stoichiometric Cu x Co y O 4 nanowire framework thin-film electrodes were synthesized by the hydrothermal-annealing method for non-enzymatic glucose detection.
Experimental

Reagents
Cobalt nitrate hexahydrate (Co(NO 3 ) 2 $6H 2 O), copper sulphate (CuSO 4 ), urea (CO(NH 2 ) 2 ), ammonium fluoride (NH 4 F), d-(þ)-glucose, uric acid (UA) and ascorbic acid (AA) were obtained from Sinopharm Chemical Reagent Co. Ltd (Shanghai, China) without further treatment. Serum bought from Thermo Fisher Scientific Inc was used for selectivity tests. Porous Ni substrate (1 mm thick), purchased from Taiyuan Lizhiyuan Battery Sales Division (Taiyuan, China), was used for thin film electrode deposition. Glucose solution was prepared by dissolving d-(þ)-glucose in deionized (DI) water. DI water was used throughout all experiments.
Preparation of the Cu x Co y O 4 nano-wire framework thin-film electrode
Homogenous suspension solution was prepared to synthesize the Cu x Co y O 4 nano-wire framework thin-film electrode by hydrothermal-annealing method. During the hydrothermal process, initially 0.0798 g CuSO 4 , 0.29013 g Co(NO 3 ) 2 $6H 2 O, 0.15015 g urea and 0.1852 g NH 4 F were dissolved in 30 mL DI water and were comprehensively mixed. Then, the solution was poured into a 50 mL Teflon lined stainless steel autoclave which contained a piece of porous Ni substrate (1 cm Â 1 cm) and heated at 120 C for 8 h. After the hydrothermal process, the porous Ni substrate with precipitated pink precursor was removed from the autoclave and then cleaned up thoroughly. Finally, it was annealed at 400 C for 3 h with the following development of Cu x Co y O 4 nano-wire framework thin-film on it.
Characterization of spinel thin-film electrodes
The surface morphologies of the developed samples and their elements were characterized by field emission scanning electron microscope (FE-SEM, Hitachi SU-5000) equipped with Energydispersive X-ray spectroscopy (EDX). The specific surface areas and the pore-size distribution of the electrodes were obtained from the results of N 2 adsorptionedesorption isotherms at 77 K after using Brunauer-Emmet-Teller (BET) and Barrett-Joyner-Halenda (BJH) (Nova 2200F, American). XRD patterns were obtained on D/ max-rB X-ray diffraction system with a CuKa radiation (l ¼ 0.15406 nm) to characterize the crystalline structure of spinel Cu x Co y O 4 nano-wire framework thin-film. The XPS was measured by Thermo Fisher 250xi (Thermo Fisher, American) to study the elemental composition of sub-stoichiometric Cu x Co y O 4 .
In order to investigate the application of the synthetized electrode in glucose detection, cyclic voltammetry (CV), impedance spectroscopy (EIS) and amperometric measurements (I-t) were carried out on the CHI 660E electrochemical workstation (Shanghai, China) in a three-electrode system. The synthetized Cu x Co y O 4 nano-wire framework thin-film electrode, platinum sheet and saturated calomel electrode (SCE) were used as working electrode, auxiliary electrode and reference electrode, respectively. The geometric area of Cu x Co y O 4 based electrode in contact with solution is 2.4 cm 2 . Firstly, in order to confirm that the electrode has a detection effect on glucose, CVs at the same scan rate in 1.0 M KOH aqueous solution with and without glucose have been tested and compared. After that the electrochemical behavior of the sensor electrode was studied by CV at various scan rates in 1.0 M KOH aqueous solution with glucose at the room temperature (25 ± 1 C). In addition, all amperometric experiments were performed in a stirred solution at an appropriate potential to the working electrode. To obtain the reliable data, response currents to the analyte should be taken after it diffused completely in the solution. The electrochemical impedance spectroscopy (EIS) measurements of the Cu x Co y O 4 nano-wire framework thin-film electrode were performed at 0.45 V in 1.0 M KOH solution with 0.2 mM glucose and without glucose. The frequency range was 100 kHze1 Hz, and the sinusoidal potential perturbation was 5 mV in amplitude. The selectivity of the Cu x Co y O 4 nano-wire framework thin-film electrode against serum, UA and AA was investigated in 1.0 M KOH solution at 0.45 V.
Results and discussion
3.1. Characterization of Cu x Co y O 4 nano-wire framework thin-film electrode Fig. 1a represents the surface morphologies of the developed Cu x Co y O 4 nano-wire framework thin-film electrodes. It shows that Cu x Co y O 4 nano-wire framework thin-film electrodes consist of a large number of moss-like clusters composed of the numerous nano-sized wire-like nanostructures. These nano-wires were grown directly on the conductive substrate. With the growth of such wire-like structure, their length is gradually extended and then intertwined with each other to form the three-dimensional porous framework.
Further SEM investigation of the spinel Cu x Co y O 4 wire-like framework thin-films at the higher magnification ( Fig. 1b ) reveals that these nanostructures have a high aspect ratio and the average length of the exposed part of each wire is larger than 1 mm. This is only the tip of the iceberg considering that the longer part of nanowires is obscured by the adjacent nano-wires and makes it difficult to evaluate more accurately. The magnified SEM image of the detailed morphology in Fig. 1b has clearly demonstrated that the average diameter of these nano-wires was about~40 nm, which confirms their high surface area-to-volume ratio. The increase of the high surface area-to-volume ratio is inseparably connected to the enhanced electrochemical properties of nanomaterials [25] . In addition, Fig. 1c shows the EDX spectrum which confirms the existence of Co and Cu elements in the thin film spinel electrode synthesized on the Ni substrate.
XRD pattern of the developed Cu x Co y O 4 nano-wire framework thin-film is presented in Fig. 2 . Several characteristic peaks at 2q ¼ 18.947 , 31.182 , 36.743 , 59.187 and 65.043 are clearly observed in nano-wire framework thin-film, which can be well indexed to the (111), (220), (311), (333) and (440) crystal planes of Cu 0$92 Co 2$08 O 4 (JCPDS no. 37e0878) [24] . No other impurities were recorded. With the inductively coupled plasma mass spectrometer (ICP-MS), the formula of synthesized Cu x Co y O 4 nano-wire framework thin-film is confirmed as Cu 1$021 Co 1$986 O 4 . Fig. 3 summarizes information about the nitrogen adsorption-desorption isotherms and BJH curves of the Cu x Co y O 4 nano-wire framework thin-film electrode. Based on nitrogen adsorption-desorption isotherms (Fig. 3a) , the BET surface area of the Cu x Co y O 4 nano-wire framework thin-film electrode is measured to be 22.244 m 2 /g. Additional measurements presented in Fig. 3b demonstrate that the pore diameters of electrode are mainly distributed within 10e30 nm range. This result clearly indicates that the fabricated Cu x Co y O 4 nano-wire framework is a well-developed porous structure. Also, the electrochemically active surface area was estimated through electric double-layer capacitance measurement. The results ( Fig. S1) show that the double-layer capacitance of the Cu x Co y O 4 nano-wire framework thin-film electrode is 46.3 mF/cm 2 , which is much higher than those reported in ref. 24 for the similar electrode. It is known that high surface area due to high porosity benefits the electrochemical performance of sensing electrode materials. Generally speaking, more electrolyte ions and glucose molecules will be transported to the electrode surface due to the numerous channels in the porous nanostructure. At the same time, owing to increased specific surface area the redox reaction between the electrode material and the electrolyte will also be expedited.
The detailed information about the electronic structure of the developed Cu x Co y O 4 nano-wire-like framework thin film electrodes was obtained by XPS study and the results are presented in Specifically, Fig. 4b displays typical O 1s spectra of Cu x Co y O 4 , which displays strong peak with a shoulder-like peak at the higher binding energy. The strong peak at binding energy about 529.5e529.6 eV, marked as "i", is attributed to the lattice oxygen (O 2-) including CueO and CoeO and the shoulder-like peak at around 530.5e531.9 eV could be attributed to the oxygen with low coordination (O À ) [42] . The shoulder-like peak could be fitted by three curves, labeled as "ii", "iii" and "iv", representing the different sources of O À . The peak at the binding energy around 530.3e530.5 eV can be related to the surface oxygen from various species which are absorbed on the surface of the thin-film, such as absorbed oxygen, eOH and CO 3 2- [42] . The other two peaks marked as "iii" and "iv" represent the species with O À in the subsurface of the thin film. The Cu 2p spectra, depicted in Fig. 4c , include two main peaks and two satellite peaks, respectively. The two main peaks are located at about 933.2 eV and 953.2 eV and the 20 eV binding energy difference between them indicates that there is a low oxidation states copper in the sample [42] . In addition, the two low intensity satellite peaks between Cu 2p 3/2 and Cu 2p 1/2 confirm that the presence of Cu 2þ ions. It is generally believed that the Cu 2p 3/2 photoelectron peak distributed between 933.3e934.0 eV and with rocking satellites is due to Cu(II) or CuO. Cu 2p 3/2 photoelectron peak 932.5e932.8 eV may be attributed to Cu(I) or Cu (0) [43] , which are the reduction products of Cu(II) during the hydrothermal synthesis.
A similar phenomenon has also been observed during analysis of Co 2p spectra (Fig. 4d ). The two main peaks correspond to Co 2p 3/ 2 and Co 2p 1/2 at 779.6 eV and 795.3 eV, respectively. The 15.7 eV binding energy difference between them indicates the coexistence of Co(II) and Co(III). Moreover, the low intensity satellite peaks at about 786.0 eV indicates that both Co(II) and Co(III) are presented in the spinel lattice. Curve-fitting of Co 2p 3/2 and its satellites gives four peaks components. The peak at around 779.5 eV is related to octahedral Co(III) or mixed Co(II,III) such as Co 2 O 3 and Co 3 O 4 , and the Co 2p 3/2 photoelectron peak distributed around 781.2 eV is generally associated to the tetrahedral Co(II). It is known that Co 3 O 4 has a typical spinel lattices after annealing process [43] . When annealing at 400 C, some Co (II) in the precursor will be oxidized to Co (III) with the existence of O 2 . Thus, the obtained spinel structure products are composed of Co(II) and Co(III). Thus, the XPS study additionally confirms the sub-stoichiometric nature of fabricated Cu x Co y O 4 nano-wire-like framework thin film electrodes.
Electrochemical behavior of Cu x Co y O 4 nano-wire framework thin-film electrode
In order to affirm that the fabricated Cu x Co y O 4 nano-wire framework thin-film electrode has good electrochemical performance in the presence of glucose, CV experiments were carried out. Fig. 5a illustrates the CV curves at the scan rate of 20 mV s À1 for the Cu x Co y O 4 nano-wire framework thin-film electrode obtained before and after addition of 0.2 mM glucose to 1.0 M KOH solution. There is a significant gap between the peaks of the current response, which is respectively attributable to the absence and presence of the glucose in the solution, indicating that the Cu x Co y O 4 nano-wire framework thin-film electrode is sensitive to the changes in glucose concentration. A broad pair of redox peaks in Fig. 5 . CV curves for Cu x Co y O 4 nano-wire framework thin-film electrode before and after glucose injection (a) and at different scan rates (b), (c). The peak currents dependence on the square root of the scan rate (d) and peak potentials dependence on the natural logarithm of the scan rate (e). The Nyquist plot of the Cu x Co y O 4 nano-wire framework thin-film electrode (f).
the measured CVs are observed. The current peak around 0.40 V and 0.10 V, is caused by the oxidation and reduction reactions of Cu(I)/Cu(II) and Co(III)/Co(Ⅳ). In alkaline solution, some of Cu x-Co y O 4 on the surface is hydrolyzed to CoOOH and Cu(OH) 2 (Eq. (1)), and then CoOOH is further oxidized to CoO 2 (Eq. (2)). If glucose is present in the solution it will be oxidized to gluconolactone by CoO 2 and Cu(OH) 2 (Eq. (3) ). Since the conversion between Co(Ⅳ) and Co(III) in Eq. (2) is a reversible process, Eq. (3) will promote the oxidation process of Eq. (2) and increase the peak current. Thus, the detection of glucose concentration by Cu x Co y O 4 nano-wire framework thin-film electrode was realized through the above reaction process in the alkaline solution [24] .
Sensors based on fabricated Cu x Co y O 4 nano-wire framework thin-film electrode were tested at the different scan rates varied from 10 mV s À1 to 200 mV s À1 in 1.0 M KOH solution with the presence of 0.2 mM glucose. A significant pair of redox peaks caused by the electrochemical reactions between the Cu x Co y O 4, glucose and OH À ions are also clearly presented in the obtained CVs for the Cu x Co y O 4 nano-wire framework thin-film electrode (Fig. 5b  and c) . As the scan rate increased from 10 mV s À1 to 200 mV s À1 the anodic peak shifts positively and the cathodic peak shifts negatively indicating that the reactions Eq. (1) and Eq. (2) are quasi-reversible [24] . The FTIR spectra (Fig. S2 ) also prove indirectly the hydrolysis reaction (Eq. (1)) on the Cu x Co y O 4 nano-wire framework thin-film electrode.
Cu x Co y O
In addition, according to the XPS results, a certain amount of Cu(I) (or/and Cu(0)) and Co(II) exist in the Cu x Co y O 4 film, thus the oxidation of Cu(I) (or/and Cu(0)) to Cu(II) together with the oxidation of Co(II) to CoOOH and furthermore to CoO 2 may occur on the surface of the electrode simultaneously. Fig. 5d and e shows the quantitative analysis of CV curves. In Fig. 5d , the peak current is proportional to the square root of scan rate, which indicated that the redox reaction of the Cu x Co y O 4 is controlled by a diffusion process [11] . In order to quantitatively analyze the electron transfer performance of the Cu x Co y O 4 nanowire framework thin-film electrode, the electron transfer number (n) and the electron transfer coefficient (a s ) could be calculated by Laviron's theory [44, 45] :
where E 0' is a constant that include standard potential of the surface, R is the universal gas constant (R ¼ 8.314 J mol À1 K À1 ), T is the absolute temperature (T ¼ 298 K), F is the Faraday constant (F ¼ 96493 C mol À1 ), y is the scan rate, m is the rate of flow of capillary (g $ s À1 ) and k s is the rate constant of the electrochemical reaction (s À1 ). According to the plots of cathodic peak potential (E pc ) and anodic peak potential (E pa ) vs. the natural logarithm of the scan rate (ln y) (Fig. 5e ), the a s and n are calculated to be 0. 53 [46] , suggesting that the 
c 2 ) are listed in Table 1 . The inductance L is the electromagnetic induction of testing device [47] ; R s refers to the solution resistance; the Q f and R f are the capacitance and resistance of Cu x Co y O 4 nanowire framework thin-film, respectively; the Q dl and R ct represent the double-layer capacitance and charge-transfer resistance of all the redox reactions on the electrode, respectively. Both R ct and R f of the electrode in 1.0 M KOH solution with 0.2 mM glucose are smaller than those in 1.0 M KOH solution without glucose ( Table 1 ). The decrease of R ct in the presence of glucose might be caused by the increasing amount of the electrons transferred at the electrode/ solution interface during the glucose oxidation. The cotangenthyperbolic diffusion impedance (O) represents the finite length diffusion of the reactants, including OH À anions and glucose molecules in the stagnant layer [49, 50] . The impedance of O can be calculated as [49] :
where the Y 0 is magnitude of O, and B can be calculated as B ¼ l/D 1/2 , where l is the length of a stagnant layer and D is diffusion coefficient, j and u are the imaginary number and angular frequency, respectively. The value of B is smaller in 1.0 M KOH solution with 0.2 mM glucose than that without glucose. That means the addition of glucose can promote the diffusion process at the electrode/solution interface. Thus, lower R ct combined with the promoted glucose diffusion lead to the enhanced electrochemical glucose detection for Cu x Co y O 4 nano-wire framework thin-film electrode.
Overall, the results of EIS experiments indirectly confirm the conclusion of the CV measurements. The representative amperometric responses of the glucose sensor based on Cu x Co y O 4 nano-wire framework thin-film electrode to the different glucose concentrations at the room temperature are depicted in Fig. 6a . The sensing potential was determined to be 0.45 V vs. SCE from the CV curves. The insert illustrates that the sensor's response time is very fast and less than~0.5 s with 0.05 mM of glucose added to the solution. The concentrationcurrent fitting curve and its calibration curve of the sensor's amperometric response to the glucose are exhibited in Fig. 6b . There is a clear linear relationship between the glucose concentration and the response current at the low measuring concentrations range. It can also be seen that the developed Cu x-Co y O 4 nano-wire framework thin-film electrode has a wide linear response to the glucose concentrations ranging from 0 to 1.4 mM (R 2 ¼ 0.9962).
Significant improvement in sensitivity for the Cu x Co y O 4 nanowire-like framework thin film electrode presented in this study compared to the previously reported Co 3 O 4 nanostructured electrode can be observed. The equation for Cu x Co y O 4 electrode's linerfitting curve can be calculated as I(A) ¼ 0.01641 þ 0.0319 C (mM). Based on the liner-fitting equation, the calculated sensor's sensitivity is as high as 13291.7 mA mM À1 cm À2 (the geometric area of the electrode is 2.4 cm 2 ). In addition, the limit of detection (LOD) is also interpreted from Fig. 6 and is 1.36 mM (S/N ¼ 3). Insert provides comparison between the current investigation and previous work. Table 2 summarizes the typical sensing capabilities of the different glucose sensors based on various nanostructured materials reported to date. It is quite obvious that the sensitivity of the sub-stoichiometric spinel Cu x Co y O 4 nano-wire framework thinfilm electrode has improved significantly compared to the others reported so far. There are two main factors for this remarkable progress. On the one hand, the unique nano-wire framework thinfilm nanostructure greatly improves the specific surface area of electrode and enhances a number of adsorption sites for glucose on Table 2 The performance comparison of glucose sensor based on Cu x Co y O 4 nano-wire framework thin-film electrode in this work with other electrodes reported for glucose detection.
Samples
Linear range (mM) Sensitivity (mA$mM À1 $cm À2 ) [24] . Taking into account that the selectivity of sensor is also an important characteristic, the non-enzymatic sensor based on substoichiometric Cu x Co y O 4 nano-wire framework thin-film electrode was investigated against the serum, UA and AA (Fig. 7) . When serum, 0.1 mM UA and 0.1 mM AA are added individually into alkaline solution, the current changes little. Moreover, with the combination injection of 0.1 mM glucose and 0.1 mM serum to alkaline solution the amperometric response shows the same as that of the individual addition of 0.1 mM glucose. This suggests that the Cu x Co y O 4 nano-wire framework thin-film electrode only responds to glucose among of all selected interfering substances at the working potential of 0.45 V, at which UA and AA in 1 M KOH solution cannot be oxidized yet (Fig. S3 ).
Amperometric response of Cu x Co y O 4 nano-wire framework thin-film electrode to 0.2 mM glucose in 1 M KOH solution was recorded for 10000 s at 0.45 V (Fig. 8 ). It can be seen that the current shows a slight attenuation during the 10000 s test, this means the Cu x Co y O 4 nano-wire framework thin-film electrode has a good stability. Fig. 9 schematically illustrates the sensing mechanism of glucose detection by the spinel sub-stoichiometric Cu x Co y O 4 nanowire framework thin-film electrode. The detection system can be divided into four parts: bulk of solution, surface region, oxide layer and Ni substrate. The bulk of solution, oxide layer and Ni substrate are the media for the transfer of electronic charge. The electrochemical reactions mainly occur in the surface region, which includes the electrode surface and the stagnant layer. Initially, OH À anions and glucose diffuse from the stagnant layer to the electrode surface, where Cu x Co y O 4 reacts with OH À and transforms partly into CoO 2 and Cu(OH) 2 . At the same time, CoO 2 and Cu(OH) 2 on the electrode surface react with glucose adsorbed on this surface, so that glucose is oxidized to gluconolactone. Owing to the difference between the glucose and gluconolactone concentrations at the surface and bulk solution, glucose diffuses spontaneously to the surface, while the gluconolactone diffuses back into bulk solution. Due to the high specific surface area, unique electrode nanostructure and the fast electron transfer rate of the substoichiometric Cu x Co y O 4 nano-wire framework thin film, the two processes are promoted which is helpful to improve the sensitivity of the electrode. Therefore, the glucose adsorption process and the electrode surface reaction process are greatly promoted by both the increasing of the specific surface area and the electron transfer rate of electrode material. The result of these two factors is effective improvement in glucose sensitivity of the sensor based on substoichiometric spinel Cu x Co y O 4 nano-wire framework thin-film electrode.
Conclusions
Sub-stoichiometric spinel Cu x Co y O 4 nano-wire framework thinfilm electrodes were synthesized by the hydrothermal-annealing method for electrochemical non-enzymatic glucose detection. Materials characterization techniques have confirmed that the fabricated sub-stoichiometric spinel Cu x Co y O 4 nano-wire framework thin film consist of Cu 1$021 Co 1$986 O 4 nano-wires with the average diameter of approximately 40 nm and the length of more Fig. 9 . Schematic diagram of reaction mechanism between Cu x Co y O 4 nano-wire framework thin-film electrode and glucose. than 1 mm. Such unique nanostructure of electrode provided high surface-to-volume ratio resulting in the high specific surface area of 22.244 m 2 /g. The electrochemical non-enzymatic sensor based on fabricated Cu x Co y O 4 nano-wire framework thin-film electrode exhibited the high sensitivity of 13291.7 mA mM À1 cm À2 towards glucose. This electrochemical sensor has also demonstrated fast response time (less than 0.5 s), detection limit as low as 1.36 mM (S/ N ¼ 3) and an excellent selectivity to glucose at the presence of AA, UA and serum. Consequently, the developed sub-stoichiometric spinel Cu x Co y O 4 nano-wire framework thin film is considered as very promising material for the sensing electrode of highperformance electrochemical non-enzymatic glucose sensors.
